Abstract In this review, we give a brief overview on how the interaction of proteins with ionic liquids, alcohols and dimethyl sulfoxide (DMSO) influences the stability, conformational dynamics and function of proteins/enzymes. We present experimental results obtained from fluorescence correlation spectroscopy on the effect of ionic liquid or alcohol or DMSO on the size (more precisely, the diffusion constant) and conformational dynamics of lysozyme, cytochrome c and human serum albumin in aqueous solution. The interaction of ionic liquid with biomolecules (e.g. protein, DNA etc.) has emerged as a current frontier. We demonstrate that ionic liquids are excellent stabilizers of protein and DNA and, in some cases, cause refolding of a protein already denatured by chemical denaturing agents. We show that in ethanol-water binary mixture, proteins undergo non-monotonic changes in size and dynamics with increasing ethanol content. We also discuss the effect of water-DMSO mixture on the stability of proteins. We demonstrate how large-scale molecular dynamics simulations have revealed the molecular origin of this observed phenomenon and provide a microscopic picture of the immediate environment of the biomolecules. Finally, we describe how favorable interactions of ionic liquids may be utilized for in situ generation of fluorescent gold nanoclusters for imaging a live cell.
Introduction
A room temperature ionic liquid (RTIL) consists of a bulky organic ion (cation) and a small inorganic counter ion (anion). Interactions of RTILs among each other and with other small and large biomolecules are currently attracting great interest because of the widespread applications of RTILs in green chemistry and electrochemistry, as well as for their ability to impart stability and long-term storage of proteins, enzymes and nucleic acids (e.g. DNA) (Baker et al. 2004; Benedetto and Ballone 2016; Chandran et al. 2012; Egorova et al. 2017; Fujita et al. 2007; Saha et al. 2016; Watanabe et al. 2017) . The interaction of an ionic liquid with a biomolecule or a drug involves both electrostatic (through the ionic part of RTILs) and hydrophobic actions (with long-chain organic moieties of RTILs). Ionic liquids have also been demonstrated to enhance efficacy of traditional drugs and thereby has opened up new avenue in drug research (Egorova et al. 2017) .
The interaction of RTIL with biomolecules has been studied quite extensively by X-ray and neutron scattering techniques. Neutron scattering experiments provide a microscopic picture of the interactions of ionic liquids with phospholipids, peptides/proteins and nucleic acids (e.g. DNA) (reviewed recently by Benedetto and Ballone 2016) . These studies and the accompanying molecular dynamics (MD) simulations have examined the relative contribution of columbic interaction and other weak interactions such as dispersion, hydrogen bonds, steric effects etc. Microscopic details, such as the This article is part of a special issue on 'Ionic Liquids and Biomolecules' edited by Antonio Benedetto and Hans-Joachim Galla location of the ionic liquid cations in the vicinity of the polar head group of lipids (Benedetto and Ballone 2016) or minor grooves of DNA (Chandran et al. 2012) or near a particular residue of a protein, have been shown to depend on the structure of the biomolecule and the ionic liquid itself.
The structure and self-assembly of neat RTIL itself is quite interesting. Early computer simulations predicted a nanoscopic structural organization with clear demarcation of the organic and ionic parts (Bhargava et al. 2007 ; Canongia Lopes and Padua 2006; Wang and Voth 2005) . This organization was subsequently confirmed by small angle x-ray scattering (Russina et al. 2017; Triolo et al. 2007 ). One major consequence of the nanoscopic organization is the wide variation of local viscosity in neat ionic liquid. This phenomenon has been explored in recent fluorescence correlation spectroscopy (FCS) studies which monitor diffusion of the probe where the diffusion coefficient (D t ) is a function of local viscosity (η). The FCS data give the D t from which the hydrodynamic radius (r H ) is calculated using the Stokes-Einstein equation,
The micro-heterogeneity in neat ionic liquid gives rise to multiple values of local viscosity (Patra and Samanta 2012; Sasmal et al. 2011a) . It is observed that while the average viscosity of the ionic liquids (1-pentyl-3-methyl imidazolium bromide { [PMIM] [Br]} and fluoroborate { [PMIM] [BF 4 ]}) is about 100-fold greater than that of water, in different regions of the neat RTIL the viscosity varies by a factor of about 10. Further, the diffusion coefficient depends on the charge of the solute. An anionic dye (Coumarin 343) diffuses nearly twofold slower than a neutral dye (Coumarin 480) (Sasmal et al. 2011a) , which highlights the predominance of Coulombic interaction between solute and solvent in an ionic liquid (Sasmal et al. 2011a) .
Many aspects of the interactions of an ionic liquid with a biomolecule have been reviewed recently (Benedetto and Ballone 2016; Egorova et al. 2017; Watanabe et al. 2017) . However, there has yet to be a survey of current investigations on the interaction of ionic liquid with biomolecules using FCS. FCS studies can provide information on the size and time-scale of the conformational dynamics of a protein. The experimental techniques described above have elucidated several interesting features of the conformational stability and dynamics of proteins in different aqueous binary mixtures Ghosh et al. 2015a) . However, there is still a need for a better understanding of the molecular details of the systems, including, for example (1) solvent quality and physical properties of the binary mixture at different compositions (Banerjee et al. 2012; Ghosh et al. 2013 , Roy et al. 2012 ; (2) location of the water and non-aqueous solvent molecules [ethanol/ionic liquid/dimethyl sulfoxide (DMSO)] around a protein and their distance from a specific residue (Bhattacharjya and Balaram 1997; Deshpande et al. 2005) ; (3) structural changes induced by non-aqueous solvent (folding/unfolding); (4) the effect on an ionic liquid on the biological function of the protein.
Atomistic MD simulation studies provide the answer to these critical questions by providing the time-dependent trajectories of the protein molecules along with surrounding solvent molecules, as well as detailed descriptions of the inter-molecular interactions in atomic resolution. In this overview, we place special emphasizes on the study of such interactions using FCS as an experimental technique. We begin with a threecomponent system, i.e. a protein (lysozyme) in a mixture of water and an ionic liquid (Ghosh et al. 2015a ) . In this case the FCS data are supported by large-scale MD simulations. We then proceed to more complicated systems with more than three components, i.e. protein, water, ionic liquid and a denaturant [guanidine hydrochloride (GdnHCl)/urea). Computer simulations of such systems are too complicated at the present time and have yet to be explored. We show that the effect of an ionic liquid on a protein in a non-native state (unfolded or molten globule) is quite interesting. We then discuss the behavior of a protein in other binary mixtures, such as waterethanol and water-DMSO mixtures.
Finally, inspired by the idea of the ionic-liquid drug conjugate, we describe how the conjugate of ionic liquid with gold salt may be used to generate fluorescent gold nanoclusters (Au-NCs) in a live cell for cell imaging.
Interaction of a protein with an ionic liquid
As the protein surface has a fair amount of both hydrophobic and hydrophilic residues, ionic liquid having both characteristics interacts favorably with proteins. In general, because of this favorable interaction with a protein, an ionic liquid displaces (Bstrips^) water molecules from the immediate vicinity of the protein, and the residual water molecules at the protein surface tend to form small clusters (Micaelo and Soares 2008 (Micaelo and Soares 2008) . This has implications for the thermostability of the protein at high temperatures and at low hydration.
Results from neutron scattering and other experimental studies suggest that the enzyme xylanase retains its structure and activity in low concentrations of ionic liquids, such as 1- (Jaeger and Pfaendtner 2013) . MD simulations suggest that at a high concentration of ionic liquid, the enzyme loses its activity not because of unfolding but due to the kinetic trapping of the organic cation counter part of the ionic liquids in the binding pocket, resulting in a dampening of the dynamic motion at the active site (Jaeger and Pfaendtner 2013) .
The effect of an ionic liquid on the stability of a protein is diverse and depends on the nature of both the protein and the ionic liquid. For example, while cytochrome c (Cyt C) is stabilized in ethylammonium nitrate (Jaganathan et al. 2015) , the same ammonium-based ionic liquids are shown to cause unfolding of heme proteins (Jha et al. 2014 (Sate et al. 2007) .
Several research groups have applied FCS technique in order to understand the effect of ionic liquid on the structure and dynamics of a protein (Pabbathi et al. 2013; Sasmal et al. 2011b; Sen Mojumdar et al. 2012) . We have already noted in this review that FCS is efficient in determining the size, or more precisely the r H of a protein as well as the time scale of conformational dynamics [i.e. relaxation time (τ R )] of a protein. This can be understood as follows. In FCS study, a fluorescent probe is covalently attached to a specific residue of a protein. The fluorescence intensity of the probe varies with time and may be monitored by confocal microscopy. The fluctuation in fluorescence intensity occurs due to two factors. First, the protein may diffuse in and out of the focal volume, and the time constant of this process gives the D t and hence the size of the protein (by applying Eq. 1). Second, during conformational dynamics of the protein, the distance of the fluorescent probe from a residue containing mainly free amino groups (e.g. tryptophan, histidine etc.) varies; for example, when the amino group comes in close proximity of the fluorescent probe (i.e.~1 Å) electron transfer from the amine to the fluorescent probe causes quenching of fluorescence (Pabbathi et al. 2013 , Sasmal et al. 2011b .
To elucidate how the use of FCS and MD simulation can coherently explain the interaction of ionic liquid with protein in molecular detail, we describe here a specific example using the protein (enzyme) lysozyme (Ghosh et al. 2015a) . Lysozyme is a 129-residue enzyme that catalyzes the hydrolysis of the glycoside bond at cell membranes (Phillips 1967) . This protein contains four helices, namely, the A (5-15), B (25-36), C (88-101), and D (109-115) helices (Fig. 1) . The active site of lysozyme is the deep cleft between Glu-35 and Asp-52. For the FCS experiment, lysozyme was covalently labeled with a fluorescent probe, Alexa Fluor 488 at Lys-33 (helix B) and Lys-97 (helix C) . Thus, the locations of the probe are very close to the active site as well as in the neighborhood of the six tryptophan residues of lysozyme (Fig. 1) .
The FCS data for lysozyme in an aqueous solution of an ionic liquid is fitted to a model with a single diffusion component and one conformational relaxation time (Ghosh et al. 2015a ). It is observed that the r H of the native protein decreases from~18 Å in 0 M ionic liquid to~11 Å in 1.5 M RTIL (Fig. 2) . The conformational dynamics of the protein is found to be accelerated upon addition of the ionic liquid and the corresponding τ R also deceases from~65 μs in 0 M RTIL to~5 μs in 1.5 M RTIL (Fig. 2) . Both of these results are quite surprising because (1) binding of the ionic liquid is likely to increase the size of the protein; (2) the presence of highly viscous ionic liquids around the protein is expected to dampen the conformational dynamics of the protein.
The observed experimental results may be reconciled in terms of a microscopic picture obtained from MD simulation (Ghosh et al. 2015a) . The radial distribution function (RDF) of water, [PMIM] + (RTIL cation) and Br − (RTIL anion) as a function of distance from the protein surface is described in Fig. 3 . It is readily seen that there is a decrease in water population in first solvation shell of the protein while the density of [PMIM] + is dramatically increased, thereby demonstrating that preferential solvation of protein by [PMIM] + causes depletion of water from the protein surface. Inspection at molecular level reveals that lysozyme has negatively charged amino acids (7 Asp and 2 Glu) which drag [PMIM] + towards themselves. Preferential solvation of [PMIM] + thus operates via the favorable interaction with these negatively charged amino acids (Fig. 3e) . Near the protein surface, the mole fraction of heavy atoms of [PMIM] + at 1.5 M concentration of RTIL is1 .3-fold higher than that in the bulk of the binary mixture (Fig.  3b) . As the distance increases, the ratio gradually decreases and eventually reaches the bulk-like value at~30 Å, which illustrates that the protein is fenced by a [PMIM] + -rich shell having a thickness of~30 Å ( Fig. 3c) (Ghosh et al. 2015a) .
In bulk water, the effective radius of the protein with one layer of water, obtained from MD simulation (~17.5 Å), is in good agreement with the obtained experimental value (1 8 Å). This agreement implies that in pure water, protein diffuses with one layer of water. Based on results from both the FCS and MD simulation studies, the effective radius of the dry protein in pure water is~12.5 Å. The reduction in size of the 134 μs. However, the experimental τ D (obtained from FCS study) of lysozyme is 302 μs, which corresponds to a radius of 11 Å. It would appear that the Bdry and dehydrated^protein undergoes local motion within the nanoscopic cage of the RTIL cation.
The effective radius of dry protein in RTIL-water mixtures is somewhat less than that in pure water, suggesting a structural compaction of the protein upon addition of the RTIL. The distribution of distance between the two domains (α-domain: residues 1-37 and 88-129; β-domain: residues 41-84; Fig. 4a ) around the hinge region of lysozyme in water reveals a bimodal distribution, with the two peaks corresponding to the closed form (~18 Å) and open form (~19 Å), respectively, of the protein. In 1.5 M RTIL, a single peak corresponding to the closed form reflects a structural collapse due to domain closure of lysozyme ( Fig. 4b) (Ghosh et al. 2015a ). Thus, the Ghosh et al. (2015a) , with the permission of AIP Publishing, Melville decrease in the r H is partly due to domain closure of the protein and partly due to dehydration. We now discuss an interesting case where an ionic liquid by itself causes unfolding of a protein, human serum albumin (HSA), while it causes refolding of the protein if it is unfolded beforehand by a denaturing agent, such as GdnHCl Sasmal et al. 2011b) . In this study, the single cysteine residue (cys-34) of HSA is site specifically covalently labeled by the fluorophore 7-dimethylamino-3-(4-maleimidophenyl)-4-methylcoumarin (CPM) (Fig. 5a) . From the FCS data, it is evident that both GdnHCl and the ionic liquid separately cause unfolding of the HSA protein, resulting in an increase in size (i.e. r H ) from~38 to 61 Å (Sasmal et al. 2011b) . To the contrary, the HSA protein experiences compaction, with a r H of~41 Å, in a mixture of both GdnHCl and ionic liquid (Sasmal et al. 2011b) .
In order to understand the immediate environment of the protein in the presence of ionic liquid, we carried out a solvation dynamics study by monitoring the emission of the probe, CPM, covalently attached to the protein. The average solvation time is~650 ps in the native state of HSA,~260 ps in 1.5 M ionic liquid and~60 ps in the presence of 6 M GdnHCl ). This implies unfolding of the protein by ionic liquid or GdnHCl and subsequent exposure of the probe (CPM) to the polar environment or to the bulk water. When 1.5 M RTIL is added to the protein already denatured by the addition of 6 M GdnHCl, there is a ∼ 5 nm red shift in the emission maximum of CPM which reflects a more polar environment, and the time scale of solvation dynamics becomes approximately twofold faster (~30 ps). These changes indicate that the immediate environment of the solvation probe (CPM) is very different from that in the native state of the protein in the presence of both ionic liquid and GdnHCl, despite the more compact structure of the protein. This results in the local enrichment or accumulation of the ionic liquid and GdnHCl near the protein, thereby providing a confinement which induces the collapse . Using computer simulations, Xia et al. (2012) have also shown that the protein tends to collapse in the mixture of denaturants (aqueous urea and GdnHCl). These authors also explained this phenomenon in terms of confinement caused by the excess denaturants.
A pH) (Chowdhury et al. 2013) . HSA has a multi-domain structure, and it is possible to monitor the fluctuations in the interdomain distance by Förster resonance energy transfer (FRET). In FRET studies, a protein (or DNA) is labeled by two fluorescent probes, one donor (D) and another acceptor (A). The efficiency of FRET (ε FRET ) is inversely proportional to the sixth-power of the donor-acceptor distance (R D-A ). In the previous section, we noted that the separate addition of GdnHCl and the ionic liquid caused unfolding of the protein, giving rise to states of the same overall size (r H~6 1 Å). The results of the FRET study suggest that actually there are considerable structural differences between these two states obtained upon the separate addition of GdnHCl and the ionic liquid. The same is also observed for the two MG states (Chowdhury et al. 2013 ). In the non-native states, the presence of multiple values of FRET efficiency implies the presence of different conformers.
The respiratory protein horse heart Cyt C (Fig. 5b) ). In the native and MG-I states, the size of the protein increases (implying unfolding) with increasing concentration of the ionic liquid. However, addition of the ionic liquid causes the protein in the unfolded state and in the MG-II state to decrease in size. These effects imply that in the first case (i.e. native and MG-I states), the ionic liquid acts as a denaturant, whereas in the second case (i.e. MG-II and denatured states) the same ionic liquid serves as a protein stabilizer. The results demonstrate the complex interplay of the interaction of protein residues with each other and also with added ionic liquid /or denaturants (Sen Mojumdar et al. 2012) . Computer simulation of such multi-component systems is quite complex and may be a subject of future studies.
Effect of alcohol and DMSO on proteins
The stability, function and conformational dynamics of proteins are highly dependent on their interaction with the surrounding solvent molecules, temperature, pressure etc. Water is a natural solvent for proteins and particularly important for their functional stability inside living organisms. The conformational stability and dynamics of different proteins that play important roles in living organisms have been investigated in water under different external conditions (varying temperature, pressure etc.). The introduction of an aqueous binary mixture (mixture of another liquid with water) into such studies provides another dimension to this area of research. Even without any change to the external conditions, the composition of such a binary mixture can be varied to produce solvents of different qualities in which proteins can show widely different behaviors. As well, changing the partner non-aqueous liquid can change both the bulk solvent properties and direct interaction with the protein molecules and therefore provide an array of different conditions to probe the stability and function of proteins. The binary mixtures of water with nonaqueous liquids, such as ionic liquid, alcohol or DMSO are increasingly being used for various reasons. Since amphiphilic molecules (such as methanol, ethanol, DMSO, RTIL etc.) possess both hydrophobic and hydrophilic moieties, such molecules may produce different effects in water. The hydrophilic groups tend to interact favorably with water by forming hydrogen bonds while, in contrast, hydrophobic groups avoid water and tend to self-aggregate by breaking the water structure, a phenomenon often referred to as Bhydrophobic hydration.T he composition-dependent effect of the ethanol-water mixture (Bliquor^) on protein is a subject of great interest (Fukasawa and Sato 2011; Giugliarelli et al. 2013; Juárez et al. 2012; Lousa et al. 2012; Martin et al. 2008; Mattos and Ringe 2001; Nemzer et al. 2013; Ortore et al. 2011; Tanaka et al. 2001 ) . Further, Klibanov and co-workers extensively used enzymes in a binary mixture of water with another solvent (Klibanov 2001; Rariy and Klibanov 1997) . Nuclear magnetic resonance and circular dichroism (CD) spectroscopy have been applied to elucidate the effect of ethanol on the structure of bovine serum albumin (Avdulov et al. 1996) and of DMSO on hen egg-white lysozyme (Bhattacharjya and Balaram 1997) . The effect of ethanol on lysozyme has also been studied by the dynamic light scattering method (Calandrini et al. 2000) . CD spectra suggest that the structure of lysozyme changes from the native alpha helix to the beta sheet with the formation of amyloid protofilaments at high concentration of ethanol (Goda et al. 2000; Sasahara and Nitta 2006) .
Bagchi and coworkers hinted about a structural transition in binary mixtures of water (with alcohol and DMSO) and explained several anomalous observations of the bulk binary mixture along with conformational dynamics of proteins (Banerjee et al. 2012; Ghosh et al. 2013 ). These researchers analyzed partial unfolding of the chicken villin head piece (HP-36) in different binary mixtures in terms of the structural change in the bulk binary mixture and specific interactions with the protein. They further showed that the barrier between the folded to unfolded state as well as the stability of these two states in pure water is modulated as a function of the composition of DMSO or ethanol (Banerjee et al. 2012; Ghosh et al. 2013; Roy et al. 2012 ).
We will now discuss a few selected examples on this topic. According to the crystallography study performed by Deshpande et al. (2005) , there are two ethanol binding sites near the active site of lysozyme, with one found near Asn-59 in the sugar binding cleft and the other found near Glu-7 and Cys-6 in helix A. Upon the addition of ethanol to an aqueous solution of this protein, the alcohol molecules are sequestered around the proximity of these hydrophobic residues, as indicated by the blue-shifted emission spectra of tryptophan, and the ethanol molecules gradually displace the weakly bound water molecules (as many as 16 bound water molecules) in the vicinity of this protein (Deshpande et al. 2005 ). More recently, using a combined simulation and experimental studies, Bagchi and co-workers also detected non-monotonous (oscillatory) transitions in the structure of myoglobin in an ethanol-water mixture, which led them to talk about oscillations and hint at percolation transition from their bulk solution (Ghosh et al. 2015b) .
Upon the addition of ethanol to an aqueous solution of lysozyme, the changes of r H of lysozyme exhibit a nonmonotonic and oscillatory dependence on alcohol content . First, the size (r H ) decreases from 19 Å in the native state to 13 Å at 3% ethanol (v/v). The size increases to 21 Å at 9% ethanol, 26 Å at 32.5% ethanol, and 29 Å at 68.5% ethanol (all v/v) (Fig. 7) . However, there are two minima-at 17 Å at 19.5% ethanol and 19 Å at 49% ethanol (both v/v). Thus, size of the lysozyme molecule fluctuates by as much as 16 Å between a compact, collapsed structure with r H = 13 Å and a partially unfolded structure of r H = 29 Å. Such a large change in r H is quite significant for a protein with four di-sulfide bonds (S-S).
A similar oscillation in the conformational dynamics and in the rate for the fast folding/unfolding dynamics is also observed. The τ R of lysozyme fluctuates between 15 and 240 μs in an ethanol-water mixture ).
This non-monotonic oscillating behavior in the structure and dynamics of lysozyme is caused by the percolation of ethanol molecules around the tryptophan residues, which leads to competition of the mutual interaction among ethanol, water and lysozyme.
No such oscillation in either size (r H ) or τ R of lysozyme is observed in the case of the binary mixture of water and DMSO (Ghosh et al. 2014) . Rather, the fast folding/ unfolding dynamics exhibit a chevron-like plot (Fig. 7) . First, the size of the protein (r H ) increases rapidly from1 8 Å at 0 mol% to~33 Å at 5 mol% of DMSO content, reflecting the unfolding of the protein. The addition of more DMSO leads to a decrease in size to 18 Å at 30 mol% of DMSO (Fig. 7) . In this binary solvent mixture, the blueshifted emission maxima of tryptophan demonstrates that the DMSO molecules also preferentially accumulate near the tryptophan residues of the protein, like ethanol, to form a cluster through hydrophobic interaction. Bagchi and coworkers obtained exactly the same results for lysozyme in a DMSO-water binary solvent system (Roy et al. 2012) . At a lower concentration of DMSO (~5%), the conformational flexibility of the protein was suppressed considerably. Further increases in the DMSO concentration (~15-20%) result in the formation of a collapsed state (Roy et al. 2012) . The experimentally observed anomalies of the DMSO-water binary mixture can be assigned to a percolation-like phase transition at low DMSO concentrations (Banerjee et al. 2010; Roy et al. 2011) . The unusual behavior of a linear hydrocarbon chain in the DMSO-water binary mixture at low DMSO concentrations has also been observed (Ghosh et al. 2011) . The solvation dynamics study in the DMSO-water binary mixture reveals that there is a consistent slowdown of solvation dynamics at a certain mole percentage of DMSO .
The addition of alcohol to the aqueous solution of Cyt c causes a non-monotonic variation in the size of the protein ). This observation was further supported by the MD simulation study. The free energy landscape of Cyt C as a function of radius of gyration (R g ) at different ethanol content has been obtained from MD simulation . In water (i.e. 0% ethanol), the compact folded state of this protein is the most stable state, with a R g of 13 Å (Fig. 8a) . At X EtOH = 0.07 (19.6% v/v), the minimum shifts to~14 Å, implying slight unfolding. The structure corresponding to this minimum suggests an increase in the distance between helix 2 and helix 3 compared to that in the native state (Fig. 8b) . Upon further addition of ethanol, i.e. at χ EtOH = 0.2 (44.75% v/v), two minima corresponding to two different structures of Cyt C are observed. The first minimum indicates that the protein is slightly unfolded compared to the native state, whereas the second minimum, which is more stable, indicates significant unfolding (Fig. 8c ). Free energy analysis at higher ethanol concentrations (e.g. X EtOH = 0.3 (58% v/v) reveals a compact state with R g = 13.2 Å (Fig. 8d) .
The contact map analysis between different amino acid residues of Cyt C shows that ethanol molecules disrupt several hydrophobic contacts that are present in the native state. However, at a high mole fraction of ethanol, these hydrophobic contacts begin to reappear. The breaking and re-formation of these crucial contacts at different mole fractions of ethanol dictates the structural transition of the protein.
Among the four helices of Cyt C, the contact between the helix 2-helix 3 interface is found to be affected the most. At X EtOH = 0.0, these two helix are at a distance of~14 Å. This distance increases with the addition of ethanol up to X EtOH = 0.2 (44.75% v/v). The snapshots for the stable conformations at different mole fractions of ethanol with the protein molecule surrounded by the solvent molecules depict that helix 2-helix 3 distances vary significantly depending on the different mole fraction of ethanol. There are not many contacts present between helix 1 and helix 4 even in the native state. The other interfaces (helix 1-helix 2 and helix 3-helix 4) do not change drastically upon the addition of ethanol.
The organization of the solvent around different stable structures of the protein at different concentrations of ethanol have been explored by calculating the RDF [g(r)] of water and ethanol molecules around a hydrophobic contact pair (residue 64-95). A gradual increase of the first peak of g(r) is noteworthy as it indicates that the greater number of ethanol molecules accumulate in the close proximity of that contact pair with increasing R g (Fig. 9a, b) , suggesting a preferential solvation of the protein by ethanol molecules.
To the contrary, the g(r) of the water molecules around the contact pair does not show any remarkable changes , and fewer water molecules are present around the contact pair at X EtOH = 0.2 (44.75% v/v) than at X EtOH = 0.3 (58% v/v) (Fig. 9c, d) . Therefore, the compaction of the Cyt C structure at the 30% mole fraction (X EtOH = 0.3) is probably due to structural transition in the bulk water-ethanol mixture, which results in a non-monotonic local composition near the hydrophobic contact pair.
Thus, as the size of the protein increases, more and more ethanol molecules accumulate around the hydrophobic pair of the protein, whereas the density of water does not change significantly; this indicates that ethanol molecules interact preferentially with the protein as its size increases. The anomaly at X EtOH = 0.3 can be explained by considering the stable structure of cytochrome c at X EtOH = 0.2 and performing the MD simulation at X EtOH = 0.3. The same hydrophobic contact pair was chosen which was present in native state but absent at X EtOH = 0.2 and the number of ethanol and water molecules around these pairs at X EtOH = 0.2 and 0.3 was calculated (Fig.  9c, d) . At X EtOH = 0.2, more ethanol molecules are present around that contact pair than water molecules, whereas at X EtOH = 0.3, more water molecules are present around the contact pair than ethanol molecules. At higher ethanol concentrations, ethanol molecules are engaged in the formation of an ethanol-ethanol network, with the result that fewer ethanol molecules are freely available to interact with the protein. So, at higher concentrations of ethanol, a compact state is more stable. Further investigation of the composition-dependent anomaly of protein in the presence of aqueous binary mixtures needs to be performed.
Ionic liquid in drug research and live cell imaging
An ionic liquid can significantly enhance the efficacy of many drugs (Egorova et al. 2017 ). The main advantage of an ionic liquid is that it can be used to solubilize and emulsify many poorly soluble drugs and thus increase their bio-availability (Egorova et al. 2017 ). Another strategy is to convert drugs and bio-active substance into ionic liquid salt form through suitable derivatives (Egorova et al. 2017 ). The imidazolium cation of an ionic liquid readily binds with negatively charged DNA ( Fig. 10) and RNA. This technique is utilized to stabilize DNA (Chandran et al. 2012; Ding et al. 2010) , perform fluorescence sensing of RNA inside biological cells (Shirinfar et al. 2013) , transfect short interfering RNA (siRNA) and perform gene silencing inside a cell (Dobbs et al. 2009 ).
While metal nano-particles, which contain thousands of metal atoms, are non-fluorescent, small clusters of noble metal (e.g. gold, silver, copper etc.) containing 10-30 metal atoms are highly fluorescent (Dutta Choudhury et al. 2012; Stamplecoskie and Kamat 2014; Yau et al. 2013; Zheng et al. 2003) . Fluorescent NCs are very important in research and can be used for cell imaging . If the gold NCs are prepared outside the cell and used for cell imaging, then most of the time the NCs do not penetrate the nucleus of the cell . In order to ensure the presence of gold NCs inside the nucleus, a conjugate of imidazolium cation and AuCl 4 anion is injected in the cell culture medium. Since the nucleus of a cell contains DNA, the imidazolium cation readily delivers the AuCl 4 − anion to the inside of the nucleus, and highly fluorescent gold NCs are generated in situ inside the nucleus (Chattoraj et al. 2016 ). Significant differences between cancer and non-cancer cells are observed using this protocol, which also leads to visualization of the nucleolus inside the nucleus (Chattoraj et al. 2016 ).
Conclusion
In this review, through combined application of experimental (FCS) and computational (MD simulation) studies we have attempted to describe the complexity of the interaction of proteins with ionic liquids and binary mixtures containing co- 
